. This partial catalog of the functions assotion also is involved in the development of epithelial ciated with the compartment border illustrates some cells, since their growth is controlled by signaling cenof the ways in which cells at the compartment border ters that can be located more than 100 m away. Howgenerate spatial guideposts during development. It seems ever, the mechanisms that link these cells to the signalreasonable to predict that these cells may have special ing centers are not understood. structures to perform these tasks, but no distinguishing In the Drosophila wing imaginal disc, the principal morphological structures that might endow them with signaling center is located on the anterior side of the their special functions have been reported. A/P compartment border that bisects the disc. It is creThe study described here was guided by our interest ated by signals emanating from the A/P compartment in learning more about the nature of the border cells. In border and is defined operationally by its roles both in particular, we have been examining 
expected to diffuse readily from the cells in which it is synthesized. Simple diffusion thus appears inadequate to distribute these proteins over long distances or even short distances. Alternative mechanisms that have been considered include serial passage through neighboring cells (Strigini and Cohen, 1997; Bellaiche et al., 1998) and induction in target cells of still other signaling molecules that might move more freely in the extracellular environment. Here, we report that disc cells have a novel type of structure that may provide another means by which signaling molecules can be transported across fields of disc cells.
Results

Drosophila Cells with Long Cytoplasmic Extensions
In the course of an ongoing study to identify and characterize genes whose expression correlates with compartments and compartment borders, we screened fly strains that harbor enhancer trap transposons at various locations in their genome. Using a green fluorescent protein (GFP) reporter to illuminate cells in which an enhancer trap transposon is transcriptionally active, we identified a strain (3S-GAL4) that produces GFP in wing imaginal discs in the pattern shown in Figure 1C . Bright green fluorescence was present in two broad swaths along the anterior and posterior flanks of the disc epithelium. No GFP-containing cells were present in the region where the A/P compartment border is located. Careful examination of these discs at high magnification revealed, however, that green fluorescence was not confined to the lateral flanks.
Wing discs were dissected from late third instar larvae, mounted without fixatives, and flattened under the slight pressure of a standard coverslip in contact with a microscope objective. In these preparations, faint strands of fluorescence could be seen in the central region of the disc ( Figures 1D-1H ). These thin fluorescent projections appeared to emanate from the GFP-containing cells along the lateral flanks and were oriented toward the disc center. Similar projections were also observed in third instar leg imaginal discs and in wing discs obtained from late second instar larvae (data not shown). These projections were consistent in appearance and were remarkably long and thin, yet their fluorescence was generated by a form of GFP that was cytoplasmic and layers and minimizes the luminal cavity ( Figure 1B) . The extend beyond the field of view and could not be followed to their ends. Views of the middle region of the "peripodial" side is sparsely populated with thin, squamous cells. In contrast, the "disc epithelium proper" on disc suggest that cytonemes emanating from the lateral regions terminate in the area of the A/P compartment the other side is densely packed with cells that are highly columnar (0.5-2 m ϫ 20-30 m; Ursprung, 1972). The border ( Figures 1G and 1H , all arrows), although we were not able to mark the border independently. In this central disc measures approximately 300 m ϫ 450 m, and several folds of the disc epithelium proper help to acregion, fluorescent threads in various oblique orientations could be seen; these threads may reflect arborizacommodate its estimated 60,000 cells. Second instar discs measure approximately 125 m ϫ 180 m; their tion of the cytonemes ( Figures 1G and 1H ). The cytonemes emanating from the disc flanks seemed not to cells are cuboidal, and although fewer in number, have apical surfaces that are significantly larger than the cells meet at a distinct point. Rather, they left a region in the center of the disc devoid of processes oriented perpenof third instar discs. In both second and third instar discs of 3S-GAL4 larvae, cytonemes are visible in focal dicular to the A/P border ( Figure 1G ). Similar preparations of late second instar wing discs suffered from planes just above the luminal, apical surface of the cells in the disc epithelium proper.
higher background fluorescence, but the smaller size and flatter epithelial surface of these discs made it possiCytonemes could not be observed after addition of a fixative such as formaldehyde, or after any lateral moveble to view both the lateral disc flank and central border region at once. The distribution and appearance of the ment of the preparation once the microscope objective made contact with the coverslip. We were therefore not cytonemes in these second instar discs were the same as in the third instar discs. able to scan across an entire third instar wing disc but were limited to examining a small portion. Figures 1C-1H We detected cytonemes in two ways. They were observed either when cells along the lateral flanks conshow a composite of high magnification views from five locations of five different discs and superimpose them tained GFP ( Figures 1D-1H and 2B) or when small clones of GFP-containing cells were present at various random on a single lower magnification photo. This montage demonstrates that cytonemes are long, polarized, and locations more than 50 m from the A/P border of third instar discs (Figures 2C and 2E) . GFP-containing cytoremarkably straight. Due to their great lengths, cytonemes from the GFP-containing cells on the disc flanks nemes were observed that were oriented toward the Table 1 ). P fragments were similarly unresponsive, as were fragments from the central region of the ( Figures 2F and 2G ). We conclude that cytonemes extend from disc cells toward the A/P compartment borwing pouch (C fragment) when cultured alone. Cytonemes proliferated abundantly, however, if an A or a P der, but not from A/P border cells outward. fragment was cultured next to a C fragment (Table 1) .
After a period of about 40 min during which few changes Inducing Cytonemes
The polarized distribution of cytonemes suggests that were apparent ( Figure 3B ), A or P cells produced multiple cytoplasmic extensions that were short, randomly oriwing disc cells grow cytoplasmic extensions in response to a chemoattractant. To test this possibility and to ented, and transient ( Figure 3C ). At approximately 60 min, the appearance of the cell culture changed dramatifurther characterize the cytonemes, we developed a method to induce them in a culture of wing disc cells.
cally, as long cytonemes grew from the A or P cells with a rapid burst (Ն15 m/min, see Experimental ProceSmall pieces of third instar wing discs were isolated and monitored during a brief culture period of 50-90 min.
dures). These extensions were long lived, and all were cell body within these processes; we do not know ( Table 1 ). This experiment shows that the C fragment cells require Hh; it does not identify Hh as the chemoattractant. oriented toward the C cells ( Figures 3D and 3E) . Their
To identify the chemoattractant, we first asked whether direction of growth was substantiated by direct observaany of the proteins with known signaling functions could tion and by their GFP content. Fluorescent cytonemes substitute for C fragment cells in our assay. We placed were present only if the A or P cells contained GFP, and A or P fragments next to a clump of S2 cells and estabwere not present if just the C fragment cells contained lished that this line of Drosophila tissue culture cells GFP.
does not induce the growth of cytonemes under these A and P cells formed single processes that were reconditions. S2 cells transfected with cDNAs encoding markably straight and could extend for distances many Hh or Dpp were similarly inactive (Table 1) . We then times the diameter of the disc cell ( Figure 3F) . After a period of culture, the Drosophila disc cells be labeled with phalloidin-rhodamine ( Figure 3G ). We grew cytonemes in the direction of the bead (data not conclude that these cytonemes contain actin, and not shown). This heterologous interaction was not tested microtubules.
further; instead, we tested the inductive capacity of the We also developed a method to induce cytoneme Drosophila FGF Branchless (referred to hereafter as growth in crude mixtures of Drosophila embryo cells. In dFGF; Sutherland et al., 1996) by placing A or P fragsuch preparations, three cytonemes were seen in which ments next to S2 cells that had been transfected with a vesicle was observed to translocate a considerable dFGF cDNA. S2 cells expressing dFGF induced cytodistance away from the cell body. One of these was nemes that were indistinguishable from those induced recorded photographically (Figures 4E and 4G ). This inby wing C fragment cells (Table 1 ; Figure 3H ). We conclude that in our culture system, FGF can substitute dicates that materials can move rapidly away from the 
. Cytonemes Grow Toward a Source of FGF (A) In situ hybridization revealed that dFGF mRNA is relatively uniformly distributed in late third instar wing discs. Arrowheads indicate cytonemes that grew during culture of cells obtained from wild-type (B) or mutant embryos lacking the breathless dFGF receptor (C). Cells obtained from mutant embryos lacking dFGF (branchless) did not generate cytonemes of comparable size or abundance (D). Cytonemes can grow from mouse limb bud cells (F) and can transport vesicles (arrowheads in [E] and [G]). Scale bars are 25 m in (A) and 10 m in (B)-(G).
for C fragment cells to promote polarized growth of their growth. If so, cells near the A/P border might be a source. As shown in Figure 4A , in situ hybridization cytonemes.
revealed that dFGF mRNA is present in third instar wing discs, but that its level is almost uniform. This pattern Cytonemes and Drosophila FGF Our studies of wing discs did not indicate whether cytoof dFGF mRNA expression does not suggest how a gradient of dFGF might form to induce cytonemes in nemes are short or long lived, but the experiments with the isolated disc fragments revealed that third instar discs. In order to examine the role of dFGF further, we charimaginal disc cells retain the capacity to grow cytonemes in response to dFGF. This observation raises the acterized cytoneme growth in a cell suspension prepared from wild-type and mutant embryos. Preparations possibility that dFGF is the agent that induces cytonemes in wing discs and that a gradient of dFGF orients from wild-type embryos produced cytonemes in random orientations that were otherwise indistinguishable in apDiscussion pearance and growth kinetics from the disc cytonemes. However, when we prepared cell suspensions from em-
Speculations on Cytoneme Function bryos mutant for dFGF (branchless), the cytonemes we
The remarkable polarized orientation of cytonemes relaobserved were unusually short and abnormally low in tive to the A/P compartment border in Drosophila imaginumber ( Figure 4D) . In contrast, similar preparations nal discs suggests that cytonemes may help disc cells from embryos mutant for the breathless dFGF receptor define their relationship to these signaling centers. Cytowere indistinguishable from wild type ( ., 1988) ; it is free to diffuse extensively because the embryo is a isms, we made cell preparations from GFP-containing mouse limb buds. After an incubation under conditions syncytium whose nuclei share a common cytoplasm. This method for generating a gradient of Bicoid protein that were identical to the cultures of imaginal disc fragments, we observed that filopodia grew with kinetics and does not immediately suggest a mechanism for distributing morphogens in the multicellular organs of subseappearance that were indistinguishable from Drosophila cytonemes ( Figure 4F) . Comparable results were also quent developmental stages. Moreover, as noted above, the properties of the morphogens Hh and Dpp that orgaobtained with preparations of GFP-containing chick embryo cells (F.-A. R.-W. et al., unpublished results) 
